The loop domain organization of chromatin, which plays an important role in transcription regulation, may depend on the cell functional state. The aim of this work was to investigate DNA loop reorganization upon functional transitions in the glioblastoma T98G cells. Methods. Single cell gel electrophoresis (a comet assay) was used to analyze the kinetics of the DNA loop migration from the nucleoids obtained from the lysed cells. Results. The cells arrested in the G1 phase of the cell cycle were characterized by a relatively low amount of DNA in the comet tails due to a low content of DNA in the loops which may be resolved by the comet assay (up to ~300 kb). After cell reactivation, the contour length of the loops essentially increased in parallel with a decrease in the linear loop density along the genome.
Introduction
Loop domains are known to be the key elements of a higher order chromatin structure [1] [2] [3] [4] [5] . The loops govern gene regulation and other functional processes in chromatin, and thus the loop organization is thought to vary depending on cell functional states [6, 7] . Despite the comprehensive understanding of general principles of the chromatin loop formation [5, [8] [9] [10] [11] [12] ] the reorganization of the loops upon functional transitions remains far from being studied in details.
Single-cell gel electrophoresis (the comet assay) is a well-known technique which may be applied to investigate the properties of nucleoids obtained after a cell lysis. The assay starts from the cells embedded in a thin layer of agarose on a microscope slide and then lysed. In the electric field the nucleoid DNA ISSN 1993-6842 (on- migrates towards the anode forming an electrophoretic track, which resembles a comet tail and can be visualized by fluorescent microscopy [13, 14] . In our previous works [15] [16] [17] [18] [19] [20] [21] , measuring the kinetics of DNA exit during electrophoresis, we have shown that the nucleoid structure reflects some important features of the loop organization in vivo. Moreover, we have argued that some large-scale features of the loop domain organization (and re-organization) are preserved in nucleoids after cell lysis and hence may be detected due to a relatively simple technique, the comet assay [20, 21] .
Structure and Function of Biopolymers
Most of our previous experiments were done using intact human lymphocytes. However, in our recent work [20] we have shown that the reorganization of DNA loops occurs upon the lymphocyte activation by interleukin 2, and that the loops in glioblastoma T98G cells are organized differently with respect to lymphocytes. In this article we studied these cancer cells in more details.
The T98G cell line originates from the T98 line derived from a human glioblastoma multiform tumor [22, 23] . Like many other cancer cells, the T98G cells may be cultivated in suspension. But, in contrast to most of cancer cell lines, the T98G cells can be arrested at G1 phase of the cell cycle when serum is absent in the medium [22, 23] . At the same time, after serum addition, the cells may be reactivated to proliferation [22] . We have used these features to investigate a possible reorganization of DNA loops upon functional transitions in the T98G cells. Our results show that, indeed, the loop organization varies in different functional states of cells.
Materials and Methods
Sample preparation. The T98G cells were cultivated at 37°C in Dulbecco's medium, which contained 10 % fetal bovine serum and antibiotics. In order to synchronise the culture and stimulate its arrest in G1 phase, the cells were put in the same medium without serum and incubated for 48 hours. For reactivation to proliferation the cells were precipitated by centrifugation, put in Dulbecco's medium with 10 % fetal bovine serum and cultivated for 8 hours. The cells (either G1-arrested or reactivated) were collected by centrifugation and washed twice with PBS buffer (137 мМ NaCl, 2.7 мМ KСl, 10 мМ Na 2 HPO 4 , 2 мМ КH 2 PO 4 , рН 7.4). In some cases nuclei were isolated from the cells as described [19] .
The comet assay was performed as described earlier [15] [16] [17] [18] [19] [20] . Briefly, the cells (or nuclei) were embedded in the 0.67 % agarose gel on the surface of a microscope slide. Slides were treated with ice-cold lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl (pH 8.0), 1 % Triton X-100 (Ferak, Germany)) for several hours. Then the slides were washed twice by TBE buffer (89 мМ Tris-borat, 2 мМ EDTA, рН 7.5) and electrophoresed in the same buffer. In some cases chloroquine (Sigma, USA) was added to the electrophoresis buffer. Several slides, simultaneously prepared in the same way, were placed into the electrophoresis tank, and then were taken out every 10 minutes of electrophoresis. After electrophoresis the slides were stained with DAPI and immediately analyzed with a fluorescent microscope. In total 100-150 randomly chosen nucleoids on each slide were examined using image analysis software CometScore (TriTec, USA) to determine the relative amount of DNA in the tails and the tail length. The relative amount of DNA in the tail was determined as the ratio of the tail fluorescence intensity to the total intensity of the comet. The tail length was defined as the distance from the center of mass of the comet head to [the] distal end of the tail. Taking the contour length of the loop to be roughly two times longer than the extended loop, the tail length was multiplied by two and divided by 0.34 nm (the distance between the adjacent base pairs) to convert it in the contour length (in base pairs) of the longest loops.
Data analysis. To compare experimental kinetic plots the p-value was calculated using a statistical permutation test [24, 25] .
Kinetic plots (the relative amount of DNA in the tail F versus electrophoresis time t) were fitted according to two models. The first one, which can be called "one-step", corresponds to the standard equation of monomolecular kinetics:
where F m is the maximum relative amount of DNA that can exit, k is the rate constant. The second, "two-step" model takes into account a two-step behavior of the kinetic plots [17] . According to this model, the plots were fitted with the equation:
where A 1 and A 2 are the maximum amplitudes of the two components (A 1 + A 2 = F m ), k 1 and k 2 are the rate constants, and t 0 is the transition half-time. The first term in Eq. 2 describes the first rapid phase of the DNA exit; the second term, which obeys the sigmoidal Boltzmann equation, corresponds to the second retarded phase.
The dependences of the relative amount of DNA in the tail F on the contour length L m of the longest loops in the tail were fitted with the equation derived in [20] :
where γ is the linear loop density (the number of loops per 1 kb).
Results and Discussion
As it was mentioned in the Introduction, the T98G cells can be arrested at G1 phase of the cell cycle. The first part of our experiments was done with these G1-arrested cells. Fig. 1A ,B shows the kinetics of the comet tail formation during the comet assay. In comparison with human lymphocytes, for which the relative amount of DNA in the tails reached 21 % after a long-time electrophoresis [17] [18] [19] [20] , for [the] T98G cells the saturation level of DNA in the tails is much lower. It may be suspected that a lower DNA exit might be related to the less effective lysis of these cells. However, the same maximum amount of DNA exit into the tail was observed for the nuclei isolated from the T98G cells (Fig. 1A, B) . Hence, the lysis procedure was quite effective.
As it was shown in our previous works for human lymphocytes at different cell cycle phases [17, 20] , the kinetic plots of DNA exit always have a two-step shape. The analysis of our previous results allowed us to conclude that the first step may be attributed to DNA on the nucleoid surface whereas the second step -to inner supercoiled loops, the exit of which is retarded and cooperative [17] . In the case of the T98G cells the two-step shape does not seem so obvious. In principle, the plot can be approximated by two models described in the Materials and Methods: the "one-step" model that obeys the standard equation (Eq. 1) of monomolecular kinetics (Fig. 1A, C) ; and the "two-step" model (Eq. 2) that includes the second cooperative step described by the sigmoidal Boltzmann equation (Fig. 1B, D) . However, the comparison of residuals and χ 2 values (Fig. 1C, D) clearly shows that the twostep model fits the experimental data much better.
An additional evidence of the two-step behavior was obtained in the experiments with chloroquine. As it was shown in our previous works [15] [16] [17] , the migration rate of the inner loops is very sensitive to supercoiling: the migration is accelerated when the loops are relaxed due to partial DNA unwinding upon intercalation of chloroquine at the concentration ~25 μg/ml. In total agreement with those observations, the second step of the DNA exit from T98G-derived nucleoids was also accelerated at the same chloroquine concentration (Fig. 2) .
Thus, similarly to the lymphocyte-derived nucleoids, the comet tail of the T98G-derived nucleoids is formed by two types of the loops: surface loops that migrate rapidly and inner supercoiled loops, the migration of which is retarded. However, while the amplitude of the first step of migration (A 1 in Eq. 2) is the same for both cell types (A 1 = 0.07±0.01), the amplitude of the second step is very low for the T98G cells (A 2 = 0.05±0.01 against 0.14±0.01 for lymphocytes [17] ). In other words, an essential decrease in the relative DNA amount in the tails in T98G-derived nucleoids is due to the decreased number of the inner loops that can be resolved by the comet assay.
As it was noted above, the T98G cells considered so far were arrested at G1 phase. These cells can be reactivated: proliferation of these cells is renewed after addition of serum in the medium [22] . Such reactivation should obviously be accompanied by an increase in the transcriptional activity. To examine possible changes in the DNA loop organization upon the reactivation we have investigated the kinetics of DNA exit from nucleoids, derived from the reactivated cells (Fig. 3) . In comparison with the G1-arrested cells, there were the following differences. First, an increase in the DNA amount in the tails was observed at both steps of the migration (A 1 = 0.09 ± 0.01, A 2 = 0.08 ± 0.02). Second, an additional retardation was observed for the second step: the transition half-time (see Eq. 2) t 0 = 41 ± 10 min against 27 ± 8 min for [the] nucleoids derived from the G1-arrested cells. Thus, the reactivation of the T98G cells was accompanied by an increase of DNA contained in both the surface and inner loops that can be resolved by the comet assay.
We have analyzed also the kinetics of the tail length during the comet assay, the parameter that gives an estimation of the contour length of the longest loops in the tail. Fig. 4 shows that the size of the longest loops was essentially higher for the reactivated T98G cells, especially for a long duration of electrophoresis. Such increase in the size may be a reason for both the increase in the DNA amount in the tails and the retardation of the DNA exit.
The correlations between the length of the longest loops and the relative amount of DNA in the tail for G1-arrested and reactivated cells are presented in Fig. 5 . These dependences, which are proportional to the cumulative probabilities of the loops below some size to be present in the tail [20] , allow one to estimate the loop density (γ in Eq. 3), the main parameter of the exponential distribution of the loop length [20] . Fitting Eq. 3 to dependences of Fig. 5 gives γ = 0.059 ± 0.007 kb -1 for the G1-arrested cells and γ = 0.025 ± 0.002 kb -1 for the reactivated T98G cells. Note that the loop density estimated is related only to the loops, the sizes of which are within the resolution of the comet assay (not larger than ~300 kb). A decrease in the density of these loops upon reactivation clearly occurs in favor of the larger loops that cannot be resolved by the comet assay. The same effect (a decrease of the loop density) was observed earlier for 
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the lymphocytes activated by interleukin 2 [20] . In other words, an increase in the loop size (which is in parallel with an increase of the largest loops within the resolution of the comet assay, Fig. 4 ) seems to be a general feature of activated cells.
Conclusions
The results of our analysis of the kinetics of electrophoretic track formation for the nucleoids derived from glioblastoma T98G cells can be summarized as follows. (1) The cells arrested at G1 phase of the cell cycle are characterized by a relatively low amount of DNA in the tails after a long-time comet assay. The main reason of this is a low content of DNA in the loops, the sizes of which are within the resolution of the comet assay (up to ~300 kb).
(2) The reactivation of the T98G cells is accompanied by a redistribution of the loops: the contour length of the loops resolved by the comet assay essentially increases, in parallel with a decrease in the linear density of these loops along the genome. The results of this work, together with our results obtained earlier for activated lymphocytes, suggest that an increase in the loop size may be a general feature of the activated cells. Клетки, арестованные на фазе G1 клеточного цикла, характеризуются сравнительно низким содержанием ДНК в хвостах комет из-за низкого содержания ДНК в составе петель, которые находятся в пределах разре-шающей способности кометного электрофореза (до ~300 кб). После реактивации клеток контурная длина петель существенно возрастает, параллельно со сниже-нием линейной плотности петель вдоль генома. Выводы. Поскольку аналогичные эффекты наблюда-лись нами ранее для активированных лимфоцитов, мы заключили, что возрастание размера петель и соответ-ствующее снижение их линейной плотности может быть общей характеристикой активированных клеток.
К л юч е в ы е с л о в а: петли ДНК, клеточная линия T98G, кометный электрофорез, функциональные со-стояния клеток.
